The Western North Pacific Ocean and surrounding Seas are among the world's oceans where tropical cyclones, both highest in number and intensity, are found. Since there has long been interest in studying the typhoon-ocean interaction processes in this vast oceanic region. However, observations are rare and it has been difficult to study these complex, dynamic, and interdisciplinary processes. With the advancement in satellite remote sensing, especially in microwave remote sensing with cloud-penetrating capabilities, it has finally become possible to catch a glimpse into some of these processes in the western North Pacific. In this paper, we review a number of recent papers using these new satellite observations to study (1) the interaction between typhoons and warm ocean eddies, (2) enhancement in ocean primary production induced by typhoons, and (3) post-typhoon air-sea interaction.
Introduction
The interaction between tropical cyclones and the ocean is complex, dynamic, and interdisciplinary. Tropical cyclones form on the ocean, which is the energy source that fuels a cyclone's intensification (Emanuel 1986; 1988; 1991; 1995; Holland 1997; Black et al. 2007 ). As cyclones intensify, they impact back to the ocean and cause cold water from the deeper ocean to be entrained and upwelled to the upper ocean layer (Chang and Anthes 1979; Price 1981; Stramma et al. 1986; Shay et al. 1992; Dickey et al. 1998; Jacob et al. 2000) . This self-induced ocean cooling in turn plays a critical negative feedback role in the cyclone's intensification (Gallacher et al. 1989; Emanuel 1999; Schade and Emanuel 1999; Bender and Ginis 2000; Cione and Uhlhorn 2003; Emanuel et al. 2004; Lin et al. 2005; Zhu and Zhang 2006; Wu et al. 2007) . After the cyclones' departure, cold wakes, typically more evident to the right of the cyclone tracks (Change and Anthes 1978; Price 1981; Cornillon et al. 1987; Bender and Ginis 2000; Monaldo et al. 1997; Wentz et al. 2000; Lin et al. 2003b ) are left behind. These cold wakes can exist in the ocean for days to weeks and generate continual feedback with the atmosphere (Emanuel 2001; Lin et al. 2003a ).
Besides the above physical interactions, there can also be biogeochemical interactions between cyclones and the ocean because the intense cyclone wind not only mixes and transports the cold water from the deeper ocean but also nutrients in the deeper layer (Lin et al. 2003b; Babin et al. 2004; Davis and Yan 2004; Siswanto et al. 2007) . As most of the tropical and subtropical oceans are oligotrophic, i.e., nutrient-poor (Eppley 1989; Behrenfeld and Falkowski, 1997; McGillicuddy et al. 1998; McGillicuddy et al. 2001; Uz et al. 2001) , the nutrients brought to the upper ocean are critical for phytoplankton, inducing phytoplankton blooms (Lin et al. 2003b; Babin et al. 2004; Siswanto et al. 2007 ). Also, since phytoplankton is the base of the marine food chain, these blooms may produce a chain reaction to affect the fishery yield. This phenomenon has not been lost to experienced fishermen who harvest in the wake long after a tropical cyclone's passage. Besides being the base of the ocean food chain, these phytoplankton blooms can have even more profound impact to the earthy 4 system. Like all other plants, phytoplankton uses carbon dioxide, sunlight and nutrients to photosynthesize; additionally, half of the world's oxygen is produced by phytoplankton. Therefore, phytoplankton production also affects the uptake of carbon dioxide, an important greenhouse gas and a major cause of natural and man-made climate changes (Eppley and Peterson 1979; Eppley 1989; Bates et al. 1998; McGillicuddy et al. 1998; Lin et al. 2003b; Uz et al. 2001 ).
Pre-existing ocean features are known to cause even more complex air-sea interactions in the tropical cyclone and ocean system (Qiu 1999; Shay et al. 2000; Goni and Trinanes 2003; Emanuel et al. 2004; Lin et al. 2005; Scharroo et al. 2005; Oey et al. 2007; Wu et al. 2007 ). It has been reported that some major category-5 1 storms, e.g., Hurricane Opal of 1995 , Katirna of 2005 (Scharroo et al. 2005) , super-typhoon Maemi of 2003 (Lin et al. 2005) , and Dianmu of 2004 (Pun et al. 2007 ) rapidly intensified when encountering warm ocean features.
Western North Pacific Basin and the surrounding seas are where most tropical cyclone (i.e., typhoon) activities are located. But due to the lack of in situ and airborne observations, it has been difficult to credibly analyze the complex typhoon-ocean interaction processes in this basin. Available opportune in situ observations in this region are too sparse to lend meaningful spatial correlations.
Visible and IR satellite remote sensing images (e.g., Advanced Very High Resolution Radiometer, AVHRR) are frequently contaminated by clouds (Wentz et al. 2000) , especially near typhoons, limiting the usefulness of these images for our purposes. Therefore, observations of typhoon-ocean interactions in the north Western Pacific have been extremely difficult. With recent advancements in microwave remote sensing (Fu et al. 1994; Fu and Cazenave 2001; Liu et al. 1998; Wentz et al. 2000) , however, some inroads have been made in exploring the processes that occur at the air-sea interface as typhoons translate over the ocean.
1 Saffir-Simpson Tropical Cyclone Scale based on the 1-minute maximum sustained winds:
Category-1: 34-43 ms -1 , Category-2: 44-50 ms -1 , Category-3: 51-59 ms -1 , Category-4: 59-71 ms -1 , and Category-5: > 71 ms -1 .
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The major advantage to using microwave remote sensing is its ability to penetrate clouds and its independence of sunlight. Therefore, observations can be made both day and night without bias to fair-weather at the air-sea interface. For the 50th anniversary of the Department of Atmospheric Sciences of National Taiwan University, we demonstrate in this review the use of three types of microwave remote sensors and one optical remote sensor to study a number of -little-studied or infrequently-observed typhoon-ocean interaction processes in the western North Pacific based on a series of recent papers (Lin et al. 2003a; Lin et al. 2003b; Lin et al. 2005) . The three types of microwave data are 1) the ocean surface wind vector from the QuikSCAT active microwave scatterometer (Liu et al. 1998) , 2) the sea surface temperature (SST) data from the TRMM (Tropical Rainfall Measuring Mission) passive microwave imager and the Advanced Microwave Scanning
Radiometer (AMSR-E) (Wentz et al. 2000) , and 3) the sea surface height anomaly (SSHA) data from the TOPEX-Poseidon and JASON-1 active microwave altimeters (Fu et al. 1994; Fu and Cazenave 2001) . The optical remote sensor used is the ocean color data from the NASA Sea-viewing Wide
Field-of-view (SeaWiFS) sensor (O'Reilly et al. 1998) . In this work, the QuikSCAT, TOPEX-Poseidon, and JASON-1 data are from the daily level-2 product of the NASA/Jet Propulsion Laboratory. The SeaWiFS data is the daily level-2 chlorophyll-a data of the NASA Goddard Space Flight Center while the TRMM/SST data is the daily product of the Remote Sensing Systems (Wentz et al. 2000) . All products have been validated with in situ observations and the readers are referred to the original references (Fu et al. 1994; Liu et al. 1998; O'Reilly et al. 1998; Wentz et al. 2000) for their respective accuracies.
In Section 2, we will discuss the interaction between super-typhoon Maemi (2003) and a warm ocean eddy (Lin et al. 2005) , and show that warm ocean eddies play a critical role in Maemi's intensification to category-5. In Section 3, we will show the drastic biological response induced by typhoon Kai-Tak (2000) in the South China Sea (Lin et al. 2003b) . In Section 4, we present observations in previously-unobserved post-typhoon air-sea interaction processes that the cold wakes, left behind by typhoons, can have evident feedback to the atmosphere by reducing the ocean surface 6 wind speed (Lin et al. 2003a) . In section 5, a summary is presented. 
The interaction of supertyphoon

2005)
Since the observation of a noticeable number of intense category-4 or 5 Atlantic/Gulf of Mexico hurricanes (e.g., Opal (1995) , Mitch (1998 ), Bret (1999 ) rapidly intensified to category-5 when encountering warm mesoscale ocean eddies Goni and Trinanes 2003; Emanuel et al. 2004) , there is much interest in studying the interaction between tropical cyclones and ocean features (e.g., eddies and currents) Hong et al. 2000; Goni and Trinanes 2003; Emanuel et al. 2004; Lin et al. 2005; Scharroo et al. 2005; Oey et al. 2006; Pun et al. 2007; Wu et al. 2007 ). In particular, it is suggested that the warm eddy in the Gulf of Mexico may have induced the intensification of the devastating Hurricane Katrina of 2005 to category-5 before its landfall (Scharroo et al. 2005) . The Western North Pacific Ocean is among the world's oceans in which the greatest number of intense category-4 and 5 cyclones are found 2 . It is interesting to find out whether these intense typhoons are associated with ocean features. In this section, we review the first event observed in the western North Pacific of such an encountering.
In September 2003, typhoon Maemi passed directly over a prominent warm ocean eddy in the western North Pacific, as observed by the satellite SSHA data from the TOPEX/Poseidon and JASON-1 altimeters (Fu et al. 1994 ). This warm ocean eddy is around 700km 500km in size and is characterized by its large positive SSHA 3 of 10-45cm ( 3 From existing literature, warm ocean features with SSHA > 8cm is considered as prominent. (Qiu, 1999; Shay et al. 2000) . Maemi left the eddy region, its intensity declined.
Using a simple coupled typhoon-ocean model, i.e., the CHIPS (Coupled Hurricane Intensity Prediction System) model (Emanuel 1999; Emanuel et al. 2004) , numerical experiments were conducted to assess the influence of the warm eddy on the intensity evolution of Maemi. Numerical experiments are run with and without the input of the eddy information derived from the satellite SSHA field. The run without the eddy input (denoted as CTRL) uses monthly climatological ocean mixed layer depth (Levitus 1982) . The one with the eddy input (denoted as EDDY) uses 1 cycle (10 days) of the observed pre-typhoon satellite SSHA measurement as input to an algorithm developed by Shay et al. (2000) to estimate a new mixed layer depth (Emanuel et al. 2004) (Fig. 2) . The best-track intensity data from the JTWC is also shown in Fig. 2a . All the runs were initialized and tuned according to the best-track data for the first 24 h.
As in Fig. 2a , it is evident that the intensity evolutions, including the eddy-adjusted mixed-layer depth, are much closer to the best track intensity than the run without the eddy (i.e., CTRL) in both the magnitude and timing of the peak intensity. The peak intensity is 68 m s -1 (i.e., category-4) for the CTRL run, but the observed peak is 77 m s -1 , occurring at 0300 UTC 10 September (Fig. 2a) . Maemi reaches its maximum intensity in CTRL at 1800 UTC 9 September, 9 h earlier than the OBS. When the warm eddy is included to initialize a deeper mixed-layer in CHIPS, an improvement in intensity hindcast is evident. The peak intensity for the EDDY run reaches the category-5 scale of 75 m s -1 , well-matched by the observed best-track intensity peak. The timing for peak intensity is also correctly captured (Fig. 2a) .
Further analysis of the CHIPS results find that the reason why the EDDY run can match well 8 with the observed intensity is because the upper ocean thermal structure in the warm eddy is correctly represented by the satellite SSHA in the EDDY run. As can be seen in Fig. 3 , in the eddy region, warm water of 26°C well extends downward to about 120-130m. In contrast, outside the eddy region the subsurface warm layer is much shallower, so that the warm water of 26°C extends only to 40m or so (i.e., background). Also, it is noted that the difference between eddy and the background is not in SST, but in the subsurface thermal structure. As can be seen in Fig.2b ) throughout the intensification period before the storm reaches peak intensity at 0300 UTC 10 September. As a consequence, the storm is able to intensify without being hampered by the cooler sea surface temperature induced by the typhoon, as the negative feedback mechanism (Emanuel 1999 , Bender and Ginis 2000 , Emanuel et al. 2004 ) is reduced in the presence of the warm eddy. In contrast, in the CTRL run (green curve), the self-induced ocean cooling is much stronger with SST anomaly ~ 1.5-2.5°C (Fig. 2b) during the intensification period (0000 UTC 5
September to the peak at 0300 UTC 10 September) without the warm eddy and its deep warm mixed layer. The increased cooling of the sea surface in the CTRL experiment contributes to the reduction of maximum wind speed by ~10 m s -1 of the simulated storm as evident in Fig 2a (green curve ).
In the current literature, three other cyclone-warm ocean feature interaction cases in the Atlantic (i.e., Hurricanes Opal, Mitch, and Bret) have been studied using atmosphere-ocean coupled models (Hong et al. 2000; Emanuel et al. 2004 ). Opal (1995 Bret (1999) , were run using the CHIPS model (Emanuel et al. 2004) . Table 1 compares the results of these 3 Atlantic cases with the Maemi case.
In Table 1 , it is clear that in all cases without the warm ocean eddy information, the intensity is too low as compared to the best track intensity. With the addition of the eddy information in the numerical experiments, the predicted intensity is evidently improved. In the case of Opal, the peak of the without-eddy simulation reaches only to category-4 (i.e., 932 hPa). When the eddy is included, the peak intensity reaches 916hPa, in agreement with the best track peak at category-5 (Hong et al. 2000) . Consistent results are also found in Mitch, Bret, and Maemi: without the inclusion of the ocean feature in the simulation, intensity is about 26-31% lower (typically 1 category lower) as compared to the best track peak (Table 1) . With the inclusion of the eddy information in the simulation, the peak intensity can be correctly-simulated (Table 1) .
Ocean's biogeochemical response to typhoon (based on Lin et al., 2003b)
When passing over land, tropical cyclones can affect human lives and activities. Over the ocean, they can also affect other form of life, i.e., the ocean primary production. As introduced in Section 1, ocean primary production plays a significant role in the earth ecological and environmental system, especially because it affects the uptake of the important greenhouse gas, carbon dioxide (Eppley and Peterson 1979; Eppley 1989; Behrenfeld and Falkowski 1997; Bates et al. 1998; McGillicuddy et al. 1998; Uz et al. 2001; Babin et al. 2004) . Primary production takes place mainly in the euphotic zone of the ocean, i.e., the top 50 to 150 m of the water column where there is abundant light for photosynthesis and when nutrients are available. Marine nutrients, however, are mostly located in the deeper ocean. Therefore, the vertical entrainment due to mixing and the induced upwelling in the ocean, caused by tropical cyclone winds, are crucial mechanisms in the earth system that the deep, cold, nutrient-rich water can be brought up from the deeper layer to the light-replete euphotic zone.
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The nutrients can then fuel photosynthetic activities and cause enhancement in primary production (i.e., phytoplankton bloom) (Eppley 1989; Marra et al. 1990; Dickey et al. 1998; Lin et al. 2003b) .
Such processes are difficult to monitor and measure, and a quantitative determination of the change of the marine primary production induced by tropical cyclones is elusive.
During the three days from 5 to 8 July 2000 that Typhoon Kai-Tak translated over the South China Sea,, it triggered a huge phytoplankton bloom with an average of a 30 times-over increase in (Fig. 4b) . The biological response to the passing of Kai-Tak was depicted by changes in the surface distribution of Chl-a. The pre-typhoon condition was illustrated in the SeaWiFS composite from 27 June -4 July 2000 (Fig. 4a) , which showed the typical summer surface Chl-a concentrations of predominantly ≤0.1 mgm -3 . After
Kai-Tak's passage (5-8 July), the first available cloud-free SeaWiFS image composite (12-15 July)
illustrated an evident enhancement of biological activity, as revealed by the Chl-a concentration (Fig. 4b) fold of the pre-typhoon condition as depicted in the Chl-a distribution (in log scale) along tr1 (Fig.   4c ). The pre-typhoon (from Fig. 4a ) and the 3-year (1998, 1999, and 2001 ) monthly average of July
Chl-a concentrations along tr1 are also depicted for comparison in Fig. 4c .
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Another drastic response can be observed in Fig. 5 is the drop in SST. Before Kai-Tak's arrival, the SCS was characterised by a warm SST predominantly above 30°C (Fig.5a ). Immediately after Kai-Tak's departure, on 9 July, a cold SST (21.5-24°C) pool (118-120°E, 19-20 .5°N) of size comparable to Kai-Tak's 150-km radius of intense wind ( 14 ms -1 ), co-located with the typhoon's track was observed (Fig. 5b) . The minimum SST of 21.5°C was found at the centre (118. 9°E, 19.9°N) of the cold pool. In comparison with the pre-typhoon condition (30.7°C), the SST dropped as much as 9°C. The distributions of SSTs along the cross-section tr1 (depicted in Fig. 5 ) over the cold pool before and after the passing of the typhoon, and the 3-year (1998, 1999, and 2001) mean for July are shown in Fig. 5c . Since the 1960s, there have been a number of observational and modelling studies on typhoon-induced upper ocean cooling responses (Chang and Anthes 1978; Price 1981; Stramma et al. 1986; Cornilon et al. 1987; Monaldo et al. 1997; Dickey et al. 1998; Bender and Ginis, 2000; Wentz et al. 2000) with reported SST reduction generally spanning 0.5-6°C. The 9°C cooling inferred by TRMM microwave imager here is one of the strongest ever observed. In the original paper (Lin et al. 2003b) , entrainment mixing and upwelling velocity are estimated to show that due to the shallow thermocline in the South China Sea during summer, it is possible for a near-stationary typhoon to induce such a drastic cooling response.
Using the observed Chl-a and SST data as input to a marine primary production model (Behrenfeld and Falkowski 1997) , it is possible to estimate the contribution of Kai-Tak to marine primary production. The changes in SST, surface Chl-a, and depth-Integrated Primary Production (IPP) with time at the center of the phytoplankton bloom (Lin et al. 2003b) Due to the lack of definitive observations, the contribution of tropical cyclones to primary production has long been treated as negligible. Our result, based on the synergy of three recently-available satellite data sets, proves, on the contrary, that tropical cyclones induce significant contribution to the overall primary production in tropical seas.
Post typhoon air-sea interaction (based on Lin et al., 2003a)
As discussed before, tropical cyclones can cool the ocean surface and mixed layer by induced entrainment and upwelling as deep, cold water is brought to the upper ocean layer. After a typhoon's departure, a cold wake is left behind. As in Section 3, the cold patches in the wake may be as much as 9°C cooler than the surrounding warm ocean (Lin et al. 2003b ). Therefore they represent a sizable perturbation of the SST in an otherwise relatively uniform warm ocean environment. This presents a unique natural laboratory to investigate the nature of ocean-atmospheric coupling.
Followed from Section 3, the case of typhoon Kai-Tak is chosen to study the post-typhoon air-sea interaction. In this work, co-located and near co-incident TRMM SST and QuikSCAT wind vectors are inter-compared. It can be observed in Fig. 7a that prior to Kai-Tak, the northern South China Sea was under typical summer conditions with SST in the range of 30.5-33.0°C. The corresponding wind field (Fig. 8a) is characterized by higher wind speed (9-11 m/s) at the region China Sea (Fig. 7b) . Though the maximum SST cooling occurred on 9 July (as introduced in Section 3 and Fig. 4b ), the wind fields were still then under the influence of the typhoon. Post-typhoon response is studied from 11 July onwards. From Figure 7b , one sees that the cold SST patch (118-120°E, 19-21°N) has the dimension of around 150-200 km and the minimum SST of 22°C is found (color coded: purple) in the centre (118.9°E, 19.9°N) of the oval cold patch and increases outwards to 26°C (light blue) towards the edge. The surrounding SST is around 29-30°C (dark-light green). The corresponding wind field (Fig. 8b) shows a distinctive minimum spatially co-incident with the cold patch. The wind speed inside the cold patch is between 2.5 to 6ms -1 (dark purple-light blue) while the surrounding wind speed is between 8-11 ms -1 (green-yellow color).
Observing July, the induced cold SST pattern had weakened and elongated (Fig. 7d ), but the corresponding wind speed (Fig. 8d) evolved into similar shapes, illustrating the close-correlation between SST and wind with relatively high (≥ 12 m/s) wind north and south of the cold patch. This again shows that the wind speed over the cold SST patch remains relatively low, in contrast to the high wind in the adjacent areas to the north and south of it. On 19 July, the cold patch has much diminished into a small circular feature at around 117.5°E, 20°N (Fig. 7e) , and disappears shortly thereafter. This is consistent with the mechanism proposed by Wallace et al. (1989) , that cool SST is correlated to low surface wind because of a decrease of atmospheric boundary layer stability. Over colder waters, the marine boundary layer is stable, vertical mixing is suppressed, and vertical wind shear increases, the surface wind speed is reduced.
In the existing literature, a number of studies report similar correlation between SST and surface wind speed under a much longer time (~20-40days) and spatial scale (~ 1000-2000 km), i.e., in the 14 case of Tropical Instability Waves and the Eastern Pacific Ocean cold tongue (Xie et al. 1998; Wentz et al. 2000; and Chelton et al. 2001) . Our results supports the Wallace et al. (1989) hypothesis in the SST-wind coupling in a different situation, namely in the cold SST wakes of typhoons. What we show in our examples discussed above are the small space and short time scales over which this mechanism can act. In the typhoon-induced cold wake situation, the coupling manifests itself within a day and of the spatial scale of 100-400km. In the original paper (Lin et al. 2003a) , the relationship between wind speed and SST anomalies is further investigated. Also, similar correlation between wind and SST in the cold wake of supertyphoon Bilis (2000) is found. Interested readers are referred to Lin et al. (2003a) for further details.
Summary
In this review, we introduced applications of new satellite observations of previously rarely-observed typhoon-ocean interaction phenomena in the western North Pacific and adjacent Seas, as been published in Lin et al. (2003a Lin et al. ( , b, 2005 . Examples for three different phenomena are presented to illustrate, the interaction between typhoon and warm ocean eddy, enhancement in ocean primary production induced by typhoon, and post-typhoon air-sea interaction. These new observations show that:
1. The presence of warm ocean eddies plays a critical role in super-typhoon Maemi's intensification. In the presence of a warm ocean eddy with deep warm ocean water, typhoon self-induced ocean cooling is much reduced. As a result, Maemi (2003) 
3.
There is an interesting air-sea coupling long after typhoon's passage. The cold wake left behind by the typhoon existed for more than a week, as observed in the case of typhoon Kai-Tak (2000) . Inter-comparison of co-incident/co-located QuikSCAT ocean surface wind vectors finds clear and consistent weakening of the surface wind speed over the cold SST wake. This suggests that the boundary layer stability is increased because of the cold ocean surface, and the surface wind speed is reduced due to diminished vertical mixing (Wallace et al. 1989; Xie et al. 1998; Chelton et al. 2001 ). In particular, our result suggests that this mechanism can act on relatively small spatial (~100km) and short (~1 day) time scale, as contrast to the previously reported much longer time (~20-40days) and large spatial scale of ~ 1000-2000km (Xie et al. 1998; Wentz et al. 2000; Chelton et al. 2001 ).
As the above works are based on studies of an individual case' ongoing efforts are being made to conduct systematic analysis in studying the typhoon-ocean interaction problems in the western North Pacific. (1998, 1999, 2001 ) average of SST for the month of July. The trajectory of Kai-Tak is depicted in Figure 7b . 
